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ABSTRACT

Nev experimental upper limits for the branching ratios of the
lepton-family-number nonconserving decays u* + e'y and u* 4+ e*yy are
presented. A nev determination of y, the ratio of pion axial-vector to vector
form factors, from radiative pion decay is also reported. These results are
from data taken vith the Crystal Box detector at LAMPF.

RARE MUON DECAYS timing resolution of the NaI(TQ) (for
photons) 1s 1.2 ns and of the scintillators
No process violating conservation ot (for  positrons) s 0.29 ns, (All
lepton family number, 1like u* + e'y or resolutions are FWHM.)
u + etyy, has ever been seen. Such The data for u* -+ e*y and p* -+ etyy
processes are forbidden in the minimal vere collected concurrently. The muon
standard model! of electroveak stopping rate was ~500 kHz with a duty
luteractions. Hovever, it is wvidely factor of -7X. Data written on magnetic
believed that the standard wmodel |is tape for each candidate rare-decay event
incomplete. Many extensions to the model included timing and energy information from
have been proposed such as including all hodoscope counters and from those
massive neutrinos, an expanded Higgs NaI(T{) crystals with at least 0.1 MeV
sector, or supersymmetry. In general, deaposited energy, and timing information
lepton family number need not be conserved from the drift-chamber cells that vere hit.
in these extensions. The existing The apparatus acceptances for the rare
experimental upper limits for the rates of decay modes vere determined vith a Monte
these processes {impose model-dependent Carlo simulation, based on the shover code
coneiraints on the theoretical parameters, EGS3,”  that accurately reproduced the
like mixing angles or gauge-boson masses, response of the detector to photons,
that describe these processes.? positrons, and electrons.
Prior to this experiment, the best The u* + e’y data analysis is
experimental upper limits of the branching presented first, The signature for a
ratios (90% C.I.) for wu'* + e*'y and u* 4 e*y decay at rest is a positron and a

ut 4 e'yy wvered't B ¢ 1.7 x1071% and
By, § B.4 % 1077, rnsﬂectlvely. Ve report
held improved limits for B__ and B from
data taken vith the CryutnTYBox deldltor tin

AT <
the stopped muon channel at LAMPF. {;‘ *K;i%rw ‘111L4 o

The Crystal Box detector,® sliovn in g}if‘:1|‘ || L8 remamarn
Fig. 1, consists of 396 NaI(T{?) crystals, tdﬁiﬁi1‘ ! \‘;" 4//“0.nm‘
36 plastir scintillation hodoscope [ S R LA (LI
counters, and a cylindiical B-plane stereo : TS
deift chambe:’ =urreunding a  thin  planar - . fsxk
polystyrene target vhere positive muons , u
decay at rest. Positron trajectories are Stﬁﬁhli')-*. ‘)liifkﬁ
measured In  the drift chamber. The ‘E 1 Hﬂ\l‘ﬂ'
position remolution of the intersection of < .;ﬂpt?""
the posiiron trajectory and the target is lt{*’
2mm. Electromagnetic chovers from AT A

positrons and photons are detected in the
Nal(T{). The photon conversion point is
determined to 4.7 cm by examining the
enargy sharing among the NaI(TQ) cryatals. Fig. 1

The NaI(T?) energy resolution is - 7X. The + The Crystal Box,



photon back-to-back, in time coincidence,
vith E, = E_ = 52.8  MeV. The hardware
trigger for u* + e’y required a coincidence
vithin %5 ns of a "positron quadrant” and

an opposite "photon quadrant”, with at
least 30 MeV deposited in the NaI(T?) of
each of these quadrants. A positron

quadrant had a hodoscope counter signal and
one or more NaI(T?) discriminator signals.
A photon quadrant had no hodoscope counter
signal and at least one NaI(T?)
discriminator signal. The trigger selected
~ 107 candidates from ~ 10!? muon deca¥s.
These events can be due to u* 4 ey,
pt 4 ety (inner bremsstrahlung) and
random coincidences.

The offline data reduction retained
for subsequent analysis all u* -+ ey events
and an appreciable number of lInner
bremsstrahlung events and random
coincidences. A total of 17 073 evenys
satisfied |at__| € 5 ns, Oe > 160,
E, > 44 MeV, and' E_ » 40 MeV. Figure 2a
shows 8t , the phSlon—posltron relative
timing, Yor a subset of these events. The
broad distribution s due to random
colnciiences, vhile the prompt peak is due
to inner bremsstrahlung and possibly
u* g c‘v.

The u* -+ e*y content vas found by
maximizing the likellhood

N [Ney "M "R
L(ngyinp)= M | P(i!,»F o(i\").F R(E))
vith respect to the parameters n, , ny, and
np = N - Ney ~ NI that estimated [he number
of u* 3 ey, Iinner bremsstrahlung, and
random events, respectively, in the total
sample of N events, The vector has

components © , and E P, 0,

' A‘ ] E .
uqd R are theeﬂrobubfrity Jistribulions for

u' + e*y, inner bremsstrahlung and random

eventy, respectively. The distribiations
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Fig. 2, lllstograme o! ey candidates.

for P and Q vere determined from the Monte

Carlo program, vhile R came from
out-of-time events.
Figure 3 shows the normalized

likelihood function., It peaks at Ney = 0
and np = 3470 ¢+ B0 t+ 300 events. The
latter agrees vell with the 3960 : 90 : 200
inner bremsstrahlung events expected in the
data. The likelihood function distribution
implies L < 11 events (90X C.L.). Using
the number &f muons stopped, 1.35 x 10!'7,
during the live time of the experiment, the
apparatus acceptance for u* -+ e'y, 0.305,
and the detection effjciency, 0.545, ve

obtain B__ < 4.9 x 10711, Figure 2a-d
shovws !E a,reement betveen the data
(histoqrnmmed) and the best mix of
ut -+ eTVy and randoms (smooth) as

determined by the likelihood analysis.

The analysis ot the p* + e*yy data is
presented next. The signature for a
u* -+ e*yy decay at rest is a positron and
twvo photons ir time coincidence emerging
with zero net momen tum and
E - + E + E = 105.6 MeV. The
tﬁ?ée p.$:1c1I§ couIé strike twvo quadrants
of the Crystal Box and “ire the ey trigger
discussed above, or could strike three
quadrants and fire the eyy trigger. The
u' » e*yy trigger required a time
coincidence within *5 ns of a positron
quadrant and twvo phcton quadrants, vith at
least 70 MeV depouired In the NaI(TQ)
calorimeter.

The eyy trigger recorded - 10%
candidates. In addition, ~ 10* candidates
vere found in the ey-triggered events,
vhere the positron and one photon occupied

the same quadrant. Figure 4 shovs the
relative timing distribution for some of
these events, the majority belng

backgrounds from triple random coincidences
or twvo-particle prompt events {n random
coincidence with a third particle (e.g.,

ut o+ e’ Wy + v).

J
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Fig. ). uwrey likelthood function,



The offline analysis removed most of
the random coincidences vhile retaining all
of the p* ~+ e*yy events, assuming the most
general local interaction for the u* -+ e'yy
matrix element.* Events with one particle
shovering and appearing as tvo hits in the
trigger vwvere removed by energy and

opening-angle cuts. Figure 5 shows the
distribution of events vs
Te 2, - - for the 272 eveuts

1 -
pussinf these Yguts. No  appreciable

coincidence sgignal can be seen 1in this
plot. A final cut requiring each photon
energy to be greater than 20 MeV leaves
nine candidate events. These nine events
are shaded in Fig. 5.

The number of y* =+ e"yy events in the
sample of nine events was estimated by
maximizing the likelihood

N | Moyy "
L(ngyy) -11_11 —= P(Hy) » = RO
vith respect to the parameters n, and
na =N-n that estimated the nudBer of

ut o+ etyy ’IKd background events in the
sample of N events. P and R are the
probability distributions for u* + e*ry and
background, respectively. The components
of ¥ are Eqorr T P = IB + §b + gcxp.b|
and  cosa = B P,y there B. and are
the momenta most nearly perpendicular to
each other, §,, is the unit vector normal
to the p,-p, plane, and Bc vas the third
particle’s momentum.

The 1ikellhood function distrvibution
in Fig. 6 implies n, <¢2.9 (90X C.L.)
Using the number ' of muons Stopped,
8,2 x 10'!, during the live time of the
experiment, the apparatus acceptance for

u* + e*yy, 0.064, and the detector
efficiency, 0.524, ve obtain
Bevy < 7.2 x 107 (90X C.L.)

RADIATIVE PION DECAY

The lov-energy benavior of QCD, the
strong-interaction component of the
standard model, |s extremely difficult to

Fig. 4. Scatter plot of eyy candidates.

determine. Nevertheless, there ar serious
attempts to calculate lov-energy [arameters
such as the ratio y w Fy/Fy of the pion
weak axlal-vec:or to vector form factors.?
This ratio can be meesured in the radiative
decay of the plon, n* -+ e'v_ vy, vhere the
decay rate 1is determined Ey the coherent
admixture of an amplitude sensitive to the
strong 1interaction (y dependent’'®) and an
amplitude that accounts for QED corrections
to the decay n* -+ ev,.

The results of tvo  previous
measurements!!'!2 are ambiguous because the
experiments detected photons and positrons
in a region of phase space vhere the term
in the decay rate proportional to (l+y)?
dominates. The welghted averages of y are
vy = 0.41 £+ 0.06 or y = -2.36 t 0.06. Ve
report here data that resolves the
ambiguity in the measurement of vy.

Pions passed through a CH; degrader
and a segmented scintillation beam counter,
then stopped and decayed in a planar CH;
target in the Crystal Box. The trigger
required a coincidence within t5 ns of a
positron quadrant and an opposite photon

quadrant; these signals had to appear
vithin 50 ns of a signzl from the beam
countars. The trigger recorded -~ 107

candidates from 4 x 1010 plon decays.
Events from u* -+ e*viy vere eliminated by
requiring E_ + EY + e * py| > 115  MeV.
Events with E, 2 25 HeV, E, 215 MeV,

aither EY 2 50 MHeV or Eq 2 33 MeV, and
105" ¢ 6,, ¢ 1807, vere retained for
lubscquon¥ analysis. These avents are from
nt - o’v.y or are random coincidences.

The  distribution of events in phase
space vas used to resolve the ambiguity 1.
vy. We muximized the likelihood

N n nR
L(ngyyrm) = 1 RAANERR 5 "D

by varying the cratio v and the parameters
n and np « N - n that estimated of
the” numbag of n* %%y v and random events
in the sample of N events. P_ and R are
the prooability distrifutions for
n* 3 e*v vy (for a particular value of y)
and randoms, respectively. The coordinates

nf ¥ are 0!7. Atgy. Ee. nnd.Ey.
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Figure 7  shows the normalized
likelihood as a function of y. The
positive va 1e for vy is favored over the
negative value by a 1llkelihood ratio of
2175 1o 1.

The ratio of the number of prompt
events with either E_ > 43 MeV or E_ > 53
MeV to the number of plon stops (corrected
for n* -+ e*v .y detection efficiency) gave
the measured Eranching ratio for n* 2 e v vy
in this reglon. Comparing this measurement
to the bhranching ratio calculated as a
function of vy, we find vy = 0.22 ¢+ 0.15 or
vy = -2.13 2 0.15, 1in agreement with the
previous measurements.

Thus we obtain the unique solution
v = 0.25 ¢ 0.12. The nev vorld average |is
y = 0.39 t 0.06,

SUMMARY

Using data from p* decays in the
Crystal Box detector, wve have obrained
improved upper 1limits on the branching
ratios of the lepton-family-number
nonconserving decays n* + e*y and p* s e'yy
of B Y < 4.9 x 10711 and
Be? <7.2x% 15 11, respectively. Using
dald from n decays, ve have resolved the
ambiguity in the measurement of vy, the
ratio of pion axial-vector to vector form
factors, in favor of the positive value,
with a nev vorld averare of
vy = 0.39 ¢ 0.06.

Ve  acknovledge the aextraordinary
assistance from the many people at each of
our institutions and from the operations
staff at LAMPF. This vork vas supported {n
part by the U.S. Department of Energy and
the National Science Foundation.
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